Cyclic prefix (CP) based MIMO-OFDM radar has been recently proposed for distributed transmit antennas, where there is no inter-range-cell interference (IRCI). It can collect full spatial diversity and each transmitter transmits signals with the same frequency band, i.e., the range resolution is not reduced. However, it needs to transmit multiple OFDM pulses consecutively to obtain range profiles for a single swath, which may be too long in time for a reasonable swath width. In this letter, we propose a CP based MIMO-OFDM synthetic aperture radar (SAR) system, where each transmitter transmits only a single OFDM pulse to obtain range profiles for a swath and has the same frequency band, thus the range resolution is not reduced. It is IRCI free and can collect the full spatial diversity if the transmit antennas are distributed. Our main idea is to use circularly shifted Zadoff-Chu sequences as the weighting coefficients in the OFDM pulses for different transmit antennas and apply spatial filters with multiple receive antennas to divide the whole swath into multiple subswaths, and then each subswath is reconstructed/imaged using our proposed IRCI free range reconstruction method.
the full spatial diversity, the multiple waveforms have non-overlapping frequency bands, which reduces the range resolution. On the other hand, if the range resolution is not reduced, all the multiple waveforms need to have the same frequency band but in this case, their delayed versions in the time domain may not be orthogonal each other and thus the full spatial diversity may not be achieved in distributed MIMO SAR. Despite the challenge, a short-term shift-orthogonal chirp waveform combined with digital beamforming (DBF) on receive in elevation is proposed [4] and four chirp modulation diversity waveforms are proposed in [5] .
Orthogonal frequency division multiplexing (OFDM) waveforms have been recently studied for SAR applications [6] [7] [8] . In order to obtain a group of orthogonal OFDM waveforms suitable for MIMO SAR imaging, an interleaving frame structure in the frequency domain is proposed [6] , which divides the available bandwidth into several non-overlapping subbands. All the aforementioned SAR imaging schemes use the traditional matched filter, which will result in range sidelobes. Using a cyclic prefix (CP) at the transmitter and a specially proposed range reconstruction (not necessary matched filter) at the receiver, the OFDM SAR imaging proposed in [8] for single channel transmitter achieves ideally zero sidelobes in range called inter-range-cell interference (IRCI) free. A CP based MIMO-OFDM radar for distributed antennas is proposed in [9] , where all the waveforms have the same frequency band, i.e., the range resolution is not reduced, with IRCI free range reconstruction, while the full spatial diversity is achieved. In addition to the CP insertion at the transmitter and the newly proposed IRCI-free range reconstruction (not matched filtering) at the receiver, the key idea for the MIMO-OFDM waveform design in [9] is that the designed multiple OFDM waveforms are orthogonal in the discrete frequency domain, which is not affected by delays in the time domain. However, in order to achieve the IRCI-free range reconstruction, multiple (at least the number of transmit antennas) consecutive OFDM pulses need to be transmitted for a single swath, which may be too long in time for a reasonable swath width.
In this letter, we propose a CP based MIMO-OFDM SAR system, where each transmitter transmits only a single OFDM pulse to obtain range profiles for a single swath and has the same frequency band, thus the range resolution is not reduced. It is IRCI free, i.e., there is no IRCI from any transmitter (or channel), and can collect the full spatial diversity if the transmit antennas are distributed. Our main idea is to use circularly shifted Zadoff-Chu sequences [11] , [12] as the weighting coefficients in the OFDM pulses for different transmit antennas and apply spatial filters with multiple receive antennas to divide the whole swath into multiple subswaths, and then each subswath is reconstructed/imaged using our proposed IRCI free range reconstruction method. Note that a CP based MIMO-OFDM radar for (only) co-located transmitters is proposed in [10] that also achieves IRCI free range reconstruction. This letter is mainly for distributed transmitters.
The remaining of this letter is organized as follows. Section II introduces the transmit and receive signal model for MIMO SAR with CP based OFDM waveforms. Section III proposes our IRCI free range reconstruction method for MIMO SAR system and the requirements for the multiple transmitted OFDM waveforms. Section IV designs circularly shifted Zadoff-Chu sequences to satisfy the requirements of the proposed scheme for MIMO SAR. Section V presents some simulation results. At last, Section VI concludes this letter.
II. MIMO-OFDM SAR SIGNAL MODEL
Consider a MIMO-OFDM SAR imaging system with multiple transmit and multiple receive antennas.
We use CP based OFDM sequences as transmit waveforms of the MIMO-OFDM SAR. The diagram of MIMO SAR transmit OFDM waveforms with CP is shown in Fig. 1 where we assume that the multiple transmit antennas are distributed although the method below also applies to the case of co-located transmit antennas. Multiple complex-valued weighting sequences for subcarriers with length N are adopted. The waveform bandwidth is B N f   , where f  represents the frequency difference between two adjacent subcarriers.
The discrete time domain OFDM waveform can be obtained by the N-point inverse discrete Fourier transform (IDFT) as follows
We add a CP at the beginning of the transmit waveform and the CP length should be larger than the maximum range cell number in a swath (or an effective swath in this paper) [8] to suppress the range sidelobes. In order to minimize the CP length so as to reduce the unnecessary transmission energy and also for convenience, we let the CP length equal to the maximum range cell number in an effective swath that will be specified later. By adding the CP at the beginning of the waveform, one guarantees that the received signal has a full period of the transmitted waveform symbol for each range cell after removing the CP part at the receiver. Thus, in Fig. 1 , Assume that the receive array is co-located and multiple receive digital beams (spatial filters) are formed simultaneously [4] , [6] . The whole swath is divided into P subswaths by narrow receive beams so that the echo length of each subswath is significantly reduced. The receive MIMO SAR with spatial filter diagram is shown in Fig. 2 . Assume that the occupied range cell number of the pth subswath is p L and the maximum range cell number o L of all the subswaths satisfies
where
Receive array and the spatial filtering, the discrete baseband received signal of the pth subswath can be written as 
which is 1 in the interval
  and 0 elsewhere.
III. MIMO SAR IRCI FREE RANGE RECONSTRUCTION
Following the range reconstruction algorithm for CP based OFDM SAR imaging for single transmitter [8] , we remove the CP part in the discrete time received signal model in (4) by taking the N samples starting from the Lth sample point:
Due to the CP insertion of 
is the N-point DFTs of
In order to image the scatters in a swath, one needs to solve for the RCS coefficients k, the transmitter needs to transmit Q consecutive OFDM pulses to obtain range profiles, which may be too long in time in applications to image a reasonable size swath.
The novelty of this paper is that we only use one OFDM pulse in imaging one swath as we have mentioned before, and solve for the RCS coefficients of a swath only based on one equation (7) (1) and (7) so that we can use both the frequency domain equations (7) and their corresponding time domain equations to solve for the RCS coefficients directly.
To do so, we first design that all the complex-valued weighting sequences   m S k in (1) and (7) 
where * denotes complex conjugate,      
. Then, taking the N-point IDFT of the two sides of (10) in terms of k, we obtain
where   g n and   h n , will not overlap each other, i.e., IRCI free range profiles from any channel can be obtained. According to the property of the N-point DFT, we need to
With this property of   g n , from (11) we can get
where the notation y x denotes the remainder of x modulo y. Similarly, the other response can be
where   
From (9), the original subswath RCS coefficients   , p m h n can be solved IRCI freely as:
Then, the whole swath RCS coefficients
From the above range reconstruction, one can see that all the range cell scattering coefficients are recovered without any IRCI from other range cells, i.e., they are IRCI free. The proposed IRCI free range reconstruction algorithm diagram for each subswath is shown in Fig. 3 . The proposed MIMO SAR scheme can be easily extended to more transmit antennas if (3) is met, which can be guaranteed by dividing the whole swath into more subswaths with increased receive antenna number. We can obtain the whole swath imaging by solving and putting together all the P subswaths RCS coefficients   (1) and (7) to satisfy the property (12) needed to shift the RCS coefficients from the two transmit antennas in one subswath non-overlapping from each other, and also the constant modular property used for the discrete frequency domain matched filtering to (7) to obtain (10) . In addition, the orthogonality of the waveforms in discrete frequency domain and the low PAPR in discrete time domain need to be considered in the designs.
IV. CIRCULARLY SHIFTED ZADOFF-CHU SEQUENCES
In this section, we propose to use circularly shifted Zadoff-Chu sequences as the complex-valued 
where  is an integer less than and relatively co-prime to N. The discrete time domain waveform of   1 S k by taking its N-point IDFT is (the similar derivation as [12] )
It can be seen from (19) that     1 1 = 0 s n s holds for every n, i.e., the IDFT of a Zadoff-Chu sequence is a constant modular sequence, i.e., the PAPR in the discrete time domain is optimal. For simplicity, let the sequence length N be an even number and thus 
where  is a constant with
Since  is an integer less than and relatively co-prime to N and N is even,  must be an odd number. Thus,
Let the complex-valued weighting sequence 2 ( ) S k take the following sequence
Then, (12) According to the property of IDFT,
which is also a constant modular sequence. By now, the orthogonality in discrete frequency domain, constant modular property in both discrete frequency and discrete time domains, and (12) are all satisfied for the MIMO-OFDM SAR radar.
V. SIMULATION RESULTS
In this section, we present some simulations to illustrate the performance of our proposed method. We Fig. 4(a) and Fig. 4(b) show the reconstructed RCS scattering coefficients from two transmit antennas without noise and with noise, respectively, using the circularly shifted Zadoff-Chu sequences and our IRCI free method. There are 8 strong scattering points for both channels and the scattering coefficients are randomly generated. Suppose that the signal-to-noise (SNR) is 0dB before the range reconstruction,
where SNR refers to the ratio of the power of the strongest scattering point to that of noise at the receiver. Fig. 4(a) shows that both range profiles can be reconstructed perfectly without noise. It can be seen from Fig. 4(b) that the proposed range reconstruction method has a good performance in noisy environment without IRCI from any channel.
In order to demonstrate the low range sidelobes of the proposed method, we compare with the MIMO chirp waveform using the waveforms 3 and 4 in [5] and OFDM chirp waveform [6] with the matched filter. In Fig. 5 ,  denotes the amplitude of true range profile, +, * and x denote the reconstructed range profiles of the proposed method, MIMO chirp waveform and OFDM chirp waveform, respectively.
Since for our proposed method there are no IRCI between scattering points in different range cells, the range profile can be recovered perfectly, which can be seen from Fig. 5(a) . Fig. 5 (b) and Fig. 5 (c) are reconstructed range profiles of the MIMO chirp waveform and OFDM chirp waveform with matched filter, respectively. It can be seen that these two waveforms with matched filtering lead to some disadvantage, such as inaccurate peak amplitudes and invisible faint scatter points, which may damage the range profile. It is because that these two methods are not IRCI free, i.e., because of the result of the interaction of the sidelobes and mainlobes of closely-spaced scattering points. 
VI. CONCLUSION
In this letter, we have proposed a CP based MIMO-OFDM SAR system, where each transmitter transmits a single OFDM pulse to obtain range profiles in a single swath and has the same signal bandwidth, i.e., the range resolution is not reduced. We have proposed to use circularly shifted Zadoff-Chu sequences as the weighting coefficients in the OFDM waveforms for different transmit antennas and apply spatial filters with multiple receive antennas to divide the whole swath into multiple subswaths, and then each subswath is reconstructed/imaged using our proposed IRCI free range reconstruction method. The multiple channel range profiles from different transmitters can be obtained separately without any IRCI, i.e., the spatial diversity can be achieved. By comparing with the MIMO chirp waveform and OFDM chirp waveform with the matched filter receiver, simulations are provided to illustrate the superior performance of the proposed IRIC free range reconstruction for MIMO-OFDM SAR.
